In ad istinct, bottom-up synthetic methodology,m onosaccharides (fructose and glucose)a nd disaccharides (sucrose) have been used as mesoporogens to template hierarchical SAPO-34 catalysts. Detailed materials characterization, which includes solid-state magic angle spinning NMR and probe-basedF TIR, reveals that, although the mesopore dimensions are modified by the identity of the sugar template, the desirable acid characteristics of the microporous framework are retained. When the activity of the hierarchical SAPO-34 catalysts was evaluated in the industrially relevant Beckmann rearrangement,u nder liquid-phase conditions, the enhanced mass-transport properties of sucrose-templated hierarchical SAPO-34 were found to deliver asuperior yield of e-caprolactam.
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Zeotype materials are ap rominent and well-established class of industrialh eterogeneousc atalysts, particularly for acid-catalyzed chemical transformations.
Silicoaluminophosphates (SAPOs) have been widely employed as solid-acid catalysts; [1, 2] most notable is SAPO-34 with ac habazite (CHA) topological structure, which is the industrial methanol-to-olefin (MTO) catalyst (100 %m ethanolc onversion and > 90 %s electivity to C 2 -C 4 light olefins). [3, 5] However,t he narrow pore aperture (3.8 3.8 )o fm icroporous SAPO-34 severely impedes molecular motion, which expedites pore blockage owing to coke deposition with prolongedt ime-onstream. [6] To address rapid degradation of the catalytic performance that can encumberS APO-34 (and other microporous materials) hierarchical analogues are being developed. These hierarchical systems typically retain the microporous structure in the bulk, but possessa na dditional mesoporous network that improves mass transport to the internal actives ites. HierarchicalS APO-34 has been synthesized using both topdown [7] [8] [9] and bottom-up [10] [11] [12] approaches. In at op-downs ynthesis, ap ost-synthetic treatment, such as demetallation, is used to generate mesoporous cavities, although this is accompaniedb yt he production of defect sites that modifyt he textural and acid properties of the catalyst. The alternative bottom-up approach ensures ah igh degree of structuralc ontrol of the SAPOs,w ith retention of the active sites associated with the microporous analogue. [12] Typically,b ottom-up preparations use as ophisticated surfactant soft-template (such as an organosilane) that is added to the synthesis gel to template mesoporosity. [11, 13] However,i narecent drive towardsl ow-cost, sustainable mesoporogens, saccharides have been identified as viable candidates for mesopore formation. [14] Owing to the immense catalytic potential of hierarchically porous materials, the development of new and effective strategies for synthesizing materials with dual porosity is timely.I deally,s uch procedures would be able to yield ah ierarchical framework by means of a simple, low-cost template,a nd would be compatible with the conventional, one-pot synthesis. In this Communication,w e report an ovel and distinctb ottom-up approachf or the synthesis of hierarchical SAPO-34, which mitigates the need for sophisticated surfactants, by employing monosaccharides (glucose or fructose) or disaccharides (sucrose) as the mesopore-directing agent. [15, 16] HierarchicalS APO-34 catalystsw ere synthesized from ag el of molar composition 1.0 Al /1.0 P/0.6 Si /0.067 SDA meso / 1TEAOH /60H 2 Ou nder hydrothermal conditions at 200 8Cf or 72 h, using tetraethylammonium hydroxide (TEAOH) as the structure-directing agent (SDA) for the micropores,a nd glucose, fructose or sucrose as the mesoporogen (SDA meso ). For comparison, microporous SAPO-34 was prepared under identical conditions, excluding the addition of asaccharide mesoporogen. All catalysts werec alcined in air flow at 873 Kf or 16 ht o remove the organic templates.
In Table 1 , inductively coupled plasma (ICP) chemical analyses are reported for the catalysts employed in this study. Importantly,t he Si/(Si + Al + P) ratio for hierarchicalS APO-34,a s determined by ICP analysis, is in good agreement with the synthesis gel composition.
SEM reveals that the hierarchical SAPO-34 catalysts exhibit spherical aggregateso fn ano-sized rhombohedra( Figure S1 ), with ar elativelyh omogeneous distribution of size and shape, with some (minimal) hexagonal crystals. The particles of these saccharide-templated materials are also generally larger than those of the microporous SAPO-34( Figures S1 La nd S1 M), with the latter comprising particles of rhombohedral shape 2018 The Authors. Published by Wiley-VCH Verlag GmbH &C o. KGaA. This is an openaccessarticleunder the termsoft he Creative Commons Attribution-NonCommercial-NoDerivs License, which permits useand distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
morphology,a si st ypical of CHA crystals. Energy-dispersive Xray (EDX) spectroscopic analyses (Figures S1 C, S1 F, S1 I, and S1 N) collected in different regions of the SAPO-34 samples reveal ah omogeneous distribution of Al, P, and Si. By comparing the XRD spectra of the calcined hierarchical catalysts (Figure 1A )w ith that of microporous SAPO-34,a ll observable peaks were attributed to the CHA framework, excluding the presenceo fa ny secondary phase. [17] The textural properties of hierarchical SAPO-34w erea ssessed by N 2 adsorption/desorption volumetric analysis at 77 K ( Figures 1B and 1C) . [18] Although microporous SAPO-34a nd GLU-S01 reveals the Type Ii sotherm that is typical of am icroporousf ramework, enhanced N 2 uptake at intermediate-tohigh pressures is observed for both SUC-S03and FRU-S02 samples, yielding the Type IV isotherm characteristico famesoporous material ( Figures 1B and S2 ). The pore-size distribution of microporous SAPO-34, obtained by using non-localized density functional theory (NLDFT) method, was found to be consistent with the microporous CHA structure ( Figure 1C,inset) , whereas FRU-S02 and SUC-S03e xhibit mesopores of approximately 38 and 52 ( Figure 1C ). Beside the micropores of the CHA structure, GLU-S01 also affords small mesoporeso f1 7a nd 25 diameter. With respectt om icroporous SAPO-34, both SUC-S03 and FRU-S02 exhibit substantial enhancements in mesopore volume( V meso ), total pore volume( V tot ), and mesopores urface area (S meso )( Ta ble S1). Conversely,G LU-S01 presents al ow mesopore surface areaa nd pore volume, being more akin to microporous SAPO-34. Volumetric data strongly support the successfulp reparation of hierarchical SAPO-34 when fructoseo r sucrose are used as the mesoporogen,w here there is evidence for the coexistence of multiple levels of porosity.
Thermogravimetric and derivativet hermogravimetric analyses (TGA/DTG) of the hierarchical SAPO-34 systems ( Figures S3  and S4 ) exhibit peaks at 430 8C, which can be attributed to the removal of organic template species( TEAOH and saccharides). In contrast, the decomposition of TEAOH (the micropore SDA) within microporous SAPO-34i si dentified by ap eak at approximately 250 8C. As such, we propose interconnectivity of the micro-a nd mesopores in the hierarchical systems, such that the micropore SDA cannot be eliminated until the sugar template hasbeen decomposed at higher temperature.
The catalytic potential of the hierarchical SAPO-34 catalysts was evaluated in the liquid-phase Beckmann rearrangement of cyclohexanone oxime to e-caprolactam (the precursor to the Nylon-6 polymer) and compared with that of microporous SAPO-34 (Figure 2 ). Conventional microporous SAPO-34 is characterized by poor activity in the liquid-phase Beckmannrearrangement, owing to the inaccessibility of the internal active sites to cyclohexanone oxime. As ar esult, only around 15 % yield is achieved after 6h of reaction. Notably,t he glucosetemplated catalyst showsc omparable (or even lower) activity, which can likely be attributed to the lower surface area available for active site interactions. SUC-S03s hows the best activity among the hierarchical catalysts, achieving over 40 %y ield in the same 6h period. Interestingly,t he performance of FRU-S02 is noticeably inferior to that of SUC-S03. The activity of the SUC-S03i sn oteworthy,g iven that the Beckmann rearrangement is conventionally performed at temperatures above 325 8C( vapor phase), and at hree-fold increasei nc atalytic activity (when comparedw ith its microporous analogue) highlights the superior diffusion afforded by the hierarchical archi- Figure S4 A) and Pa toms (signal at À29.8 ppm, Figure S4 B) , confirming strict alternation of Al and Pa tt he Tp ositionso ft he AlPO framework. [19] The
31
Ps pectra of hierarchical materials also present at ail at approximately À24 ppm, owing to PÀOH defects. [12] The 29
Si NMR spectra of microporous SAPO-34 exhibits signals at À92, À96, and À101 ppm, owing to tetrahedral framework Si coordinated to four,t hree, and two Al atoms (Figure S4 C) . Hierarchical materials showed the same three resonances as ac omposite of narrow and broad signals at the same positions;a na dditional signal is also present for Q 4 silicon sites (À110ppm), which revealed the formation of Si islands.
The nature of the acid sites in hierarchical SAPO-34 was investigated by using 1 HS SM AS NMR and FTIR spectroscopies ( Figure S6 ). 1 HS SN MR reveals different protone nvironments in the SAPO-34 materials ( Figure 3) . As ignal at around4ppm, associated with Brønsted Si(OH)Alg roups,i so bserved in both microporous and hierarchical SAPO-34 catalyst.
After deconvolution, two components (at 3.6 and 4ppm) can be differentiated and attributed to two types of Brønsted acid sites in the O4 and O2 structural configuration of the CHA framework.
[20] Moreover,q uantitative analysisb y 1 HM AS NMR indicates that the number of Brønsted acid sites is comparable in all hierarchical SAPO-34 systems (Table 2) . Weak signals at 2.6 ppm (attributed to PÀOH species) and 1.8 ppm (attributed to SiÀOH species) are also present in hierarchical materials, whereas proton resonancesb eyond 4.5 ppm are attributed to hydrogen-bonded species. [12, 21] The accessibility and strength of the acid sites in hierarchical SAPO-34 were assessed by FTIR spectroscopy of adsorbed basic probe molecules.F irstly,t oq uantify the total amount of Brønsted acid sites, NH 3 (0.26 nm kinetic diameter) was used. Owing to its small diameter,N H 3 can enter both the mesopores and micropores of hierarchical SAPO-34 framework and thus interactw ith Brønsted sites that are inaccessible to larger molecules, such as substitutedp yridines.
For this reason, 2,4,6-trimethylpyridine( 2,4,6-TMP) is widely used to study the enhanced accessibility of acid sites in hierarchicalz eolites, exploiting the impeded diffusion through small micropores. [21] [22] [23] By contrasting the interactions of NH 3 and 2,4,6-TMP probes, it is possible to extract information relating to the accessibility of the Brønsted acid sites. [12, 21] Upon NH 3 adsorption (Figure4A-C) , the bending mode of ammonia H-bonded to SiÀOH or PÀOH is detected at 1619 cm
À1
.F urthermore, the band at 1450 cm
,o wing to the d as of the NH þ 4 ions, indicates NH 3 protonation by Brønsted acid sites. 2,4,6-TMP (kinetic diameter ca. 0.74 nm) is too bulky to enter the micropores of SAPO-34,b ut will interactw ith acid sites located within the mesopores or at the micropore mouths of hierarchical SAPO-34. When 2,4,6-TMP interacts with aB rønsted acid site, its inherentb asicity (pK a = 7.59) induces proton transfer,y ielding the protonated 2,4,6-TMPH + species. The n 8a CÀCs tretching mode of 2,4,6-TMP (which has al iquidphase frequencyo f1 611cm
)i sv ery sensitivetot he Brønsted sites in the hierarchical materials, with its position changingi n responset oa cid-site strength.W hen the n 8a mode appearsa t wavenumbers > 1630 cm À1 ,t he formationo ft he protonated species (2,4,6-TMPH + )i si nferred, whereas al ower wavenumber indicates the formation of aH -bonded adduct or physisorbed species. [12, 21] Upon 2,4,6-TMP adsorptiono nF RU-S02 and SUC-S03( Figures 4D and 4E ), bands at 1611a nd 1575 cm À1 (owingt op hysisorbed 2,4,6-TMP) and as ignal at 1638 cm À1 (owingt o2 ,4,6-TMPH + )a re observed. The physisorbed molecules are readily removedu pono utgassing at 298 K, but the 1 HM AS NMRs pectra of calcinedmicroporousS APO-34 and hierarchical GLU-S01, FRU-S02, and SUC-S03. retention of the 1638 cm À1 band indicates that af ractiono f Brønsteda cid sites are made accessible by the mesoporous network. The protonated speciesa re not observed on microporousS APO-34 or GLU-S01 ( Figure 4F ), indicating that, in the latter case, the mesoporesd etected by volumetric analysis are irrelevant to accessibilitya rguments. The total number of accessibleB rønsted acid sites (N)o fh ierarchical SAPO-34 materials determined by using NH 3 and 2,4,6-TMPi sr eported in Ta ble 3, together with the nature and the IR position of the bands of their protonated species. The total number of Brønst-ed acids ites (N)d etermined by ammonia adsorption was found to be comparable for all hierarchical catalysts ( Table 3) . The accessibility factor (AF) is similar for FRU-S02 and SUC-S03, althougho nly as mall fraction of the total Brønsted acid sites are accessible to the bulky 2,4,6-TMP probe.
Physicochemical characterization and catalytic data have highlighted thats accharide templating with fructosea nd sucrose is an effective means of preparing hierarchical SAPO-34, thus introducing secondaryp orosity without the need for as ophisticated mesoporogen.I nc ontrast, the glucoset emplate has been provent ob ee ssentially ineffective at introducing mesoporosity,y ielding ac atalyst with textural properties inferior to microporous SAPO-34.The inefficacy of glucoseasamesoporogen may be attributed to the low concentration used in the synthesis gel. Nandan et al. [14] reported that al ow glucose concentration produces smaller mesopores and textural features similar to microporous analogues.
The acid properties of the hierarchical SAPO-34 were found to be comparable to the microporous analogue,a lthough a fraction of Brønsted acid sites were more accessible when fructose or sucrose was used as the template. Thus, by using this approach, it is possible to achieve effective modulation of mesopore dimensions by selecting an appropriate (mono-or di-) saccharide mesoporogen, without modifying the acid proper- Figure 4 . FTIR difference spectra of NH 3 adsorption (90 mbar) on GLU-S01 (A), FRU-S02 (B), and SUC-S03 (C) andof2 ,4,6-TMPadsorption (vapor pressure) on FRU-S02 (D), SUC-S03(E), and GLU-S01 and microporousS APO-34( F, solid and dotted line, respectively).T he spectraare shownb efore(red curve)a nd after outgassing the probe molecules at 298 K( black curve). 1638 (n 8a )2.95 0.072
[a] e = 0.147 cm 2 mmol À1 . [24] [b] e = 0.62 cm 2 mmol À1 . [23] ChemistryOpen 2018, 7,297 -301
www.chemistryopen.org 2018 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim ties. It is the enhanced mass-transport capabilities, which were maximized when sucrose was used as templating agent,t hat were found to be influential in enhancing the catalytic performance of hierarchical SAPO-34 in the liquid-phase Beckmann rearrangement.
Experimental Section
Hierarchical SAPO-34 Synthesis
Aluminum isopropoxide (7.00 g, Sigma Aldrich) was added slowly to phosphoric acid (2.35 mL, 85 %i nH 2 O, Sigma Aldrich) previously diluted in deionized water (29 mL), and the mixture was stirred for 1h.F umed silica (1.24 g, Sigma Aldrich) was slowly added and the mixture was further stirred for 2h.T EAOH (14.00 mL, 35 wt %i n H 2 O, Sigma Aldrich) was added dropwise while stirring, and the gel was further stirred for 4h.T he saccharide template (SDA meso ), preventively dissolved in deionized water (8 mL), was added and the resulting gel (with the molar composition 1.0 Al /1.0 P/0.6 Si / 0.067 SDA meso /1 TEAOH /60H 2 O) was vigorously stirred for 30 min . The gel was transferred to aT eflon-lined stainless-steel autoclave and crystallized at 453 Kf or 72 hu nder autogenous pressure. The solid product was then recovered by filtration and washed with water.T he as-prepared product was dried in air at 373 Ka nd calcined in at ube furnace under air flow at 873 Kf or 16 ht op roduce awhite crystalline solid.
